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Abstract
Ab initio electronic structure calculations based
on density functional theory and tight-binding
methods for the thermoelectric properties of p-
type Sb2Te3 films are presented. The thickness-
dependent electrical conductivity and the ther-
mopower are computed in the diffusive limit of
transport based on the Boltzmann equation. Con-
tributions of the bulk and the surface to the trans-
port coefficients are separated which enables to
identify a clear impact of the topological surface
state on the thermoelectric properties. By tun-
ing the charge carrier concentration, a crossover
between a surface-state-dominant and a Fuchs-
Sondheimer transport regime is achieved. The
calculations are corroborated by thermoelectric
transport measurements on Sb2Te3 films grown by
atomic layer deposition.
Almost all proposed three-dimensional (3D) Z2
topological insulators (TIs)1,2 are efficient ther-
moelectric materials. That is not by coincidence,
since the link between an efficient thermoelectric
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material and the topological character is the in-
verted band gap.3,4 The last is due to spin-orbit
coupling which switches parity of the bands and
leads, if strong enough, to narrow band gaps which
are favourable for efficient room-temperature ther-
moelectrics. Usually strong spin-orbit coupling is
mediated by heavy elements which in turn also
tend to reduce the material’s lattice thermal con-
ductivity, another requirement for desirable ther-
moelectrics.
In the early 90’s, Hicks and Dresselhaus5,6 pro-
posed the concept of low-dimensionality to in-
crease further the thermoelectric efficiency; pri-
marily in thin films, the thermopower S should be
enlarged. However, in contrast to previous theo-
retical model calculations,7,8 decreased values of
S were found experimentally9–11 for Bi2Te3 and
Sb2Te3 thin films and were recently corroborated
by both model12,13 and ab initio calculations4 of
our groups.
Thus, to resolve this discrepancy, the potential
impact of the surface state (SS) of TIs on ther-
moelectricity needs to be investigated in more de-
tail. In this Letter, we present ab initio calculations
and transport measurements of the thermoelectric
properties of Sb2Te3 films at varying thickness,
temperature and charge carrier concentration.
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Figure 1: (color online) Electrical conductivity (a),(c),(e) and thermopower (b),(d),(f) in dependence on
temperature for three distinct hole concentrations at a film thickness of 18 QL. Hole concentration n =
1× 1018 cm−3 in (a) and (b), p = 1× 1019 cm−3 in (c) and (d), p = 1× 1020 cm−3 in (e) and (f). Pure
bulk contributions are represented by gray dashed lines, the contribution of the surface states is given by
red solid lines, while black dash-dotted lines show the total contribution of the sample. In (g) the band
structure of the 18 QL Sb2Te3 film is shown around the fundamental band gap. Thin red dashed lines
indicate the position of the chemical potential µ at zero temperature.
Theoretical results
In the following, we discuss the doping- and
temperature-dependent electrical conductivity and
thermopower, as shown in Fig. 1, exemplary for a
Sb2Te3 film thickness of 18 quintuple-layer (QL),
i.e. about 18nm. A discussion of films with
other thicknesses is given in the supplemental ma-
terial.14
The converged electronic structure results serve
as input to obtain the thermoelectric transport
properties at temperature T and fixed extrinsic
charge carrier concentration p by solving the lin-
earized Boltzmann equation in relaxation time ap-
proximation (RTA).15 By using special projection
techniques4 we distinguish between contributions
from bulk states (gray dashed lines), SSs (red solid
lines) and the total contribution (black dash-dotted
line), defined as σtot = σbulk + σSS and Stot =
(σbulkSbulk+σSSSSS)/σtot. Three typical charge carrier
concentrations are chosen to reflect the overall be-
havior of the transport properties. Only p-type thin
films will be discussed because Sb2Te3 is inher-
ently p-type conductive16,17 due to intrinsic de-
fects, i.e. Sb vacancies and SbTe antisites.
Due to the fact that a 3D TI offers robust metal-
lic1 SSs within the insulating bulk band gap, an en-
hanced electrical conductivity of the entire system
compared to a conventional insulator is expected
for very small charge carrier concentrations, i.e.,
if the chemical potential is situated in or nearby
the bulk band gap. The latter scenario is shown in
Fig. 1(a) for a p-type doping of p= 1×1018 cm−3.
At low temperatures the contribution σSS of the
SS (red solid line) is already larger than the bulk
contribution σbulk. With increasing temperature
the chemical potential shifts into the band gap,
thereby decreasing σbulk until bipolar conduction
contributes at about T = 300K. In contrast σSS
increases monotonically with temperature. The
latter can easily be understood, having in mind
that for a two-dimensional system, i.e. the SS,
the transport distribution function (TDF) scales as
Σ(µ) ∝ dlF× v, where dlF is the circumference of
the Fermi circle at chemical potential µ . For en-
ergies close to the Dirac point vSS is constant in
1We denote the SS metallic, as it shows clear transport
signatures of a conventional metal.
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energy, while dlF ∝ E. Consequently, the TDF is
linear in energy. Small deviations from the latter
arise at about E ≈ 0.1eV and are attributed to the
hexagonal warping of the Fermi surface.
The impact of the SS on the total thermopower,
as shown in Fig. 1(b), is even more remarkable.
While the bulk contribution Sbulk shows the typi-
cal behavior for a p-type narrow-band gap semi-
conductor with a maximum of Sbulk ≈ 410µV/K
at T = 325K, the contribution of the SS shows the
expected metallic behavior with small values of
SSS ≤ −50µV/K. The negative sign stems from
the mere fact that the SS above (below) the Dirac
point mimics the slope of the band dispersion of
conduction (valence) bands.
Summarizing, the influence of the SS leads to a
clearly diminished total thermopower (black dash-
dotted line). As a rule of thumb, assuming Sbulk
SSS yields Stot ≈ Sbulk/(η+1) with η = σSS/σbulk. The
larger the contribution of the SS to the total electri-
cal conductivity, the smaller the total thermopower
Stot.
The value of the total thermopower (65µV/K at
300K; black dashed-dotted line in Fig. 1(b)) is re-
duced to less than one fifth of the bulk value, which
corroborates the above-noted estimation. We note
that, within the RTA, the signature of the SS on
Stot relies to a certain extent on the ratio τSS/τbulk of
the relaxation times. If τbulk  τSS the reduction
of the total thermopower due to the conducting
SS would be much weaker than proposed. With
regard to the backscattering protection of the SS,
however, the opposite scenario τSS τbulk should
be expected.18
For thermoelectric applications charge carrier
concentration of p= 1×1019 cm−3 (cf. Figs. 1(c)
and (d)) are more applicable. Here the contribu-
tion of the SS to σtot is smaller, compared to the
low doped case, as the chemical potential is lo-
cated closer to the Dirac point (cf. Fig. 1(c)). Still,
a reduction of the film’s total thermopower by 45%
to Stot ≈ 187µV/K at T = 400K compared to the
bare bulk value is calculated due to the impact of
the metallic SS (cf. Fig. 1(d)).
In heavy p-doped samples, at p= 1×1020 cm−3,
as depicted in Figs. 1(e) and (f), the absolute value
of SSS still reaches about 25(Ωcm)−1 at room tem-
perature but is negligibly small compared to the
bulk contribution. This is reflected in the ther-
mopower, for which Stot ≈ Sbulk. Focussing on the
SS contribution the picture is more delicate. At
low temperatures, SSS is positive but decreases at
elevated temperatures and changes sign at about
T = 250K. The latter is attributed to a shift of the
chemical potential above the Dirac point, where
the slope of both the TDF and SSS change sign.
After discussing the temperature and doping-
dependent thermoelectric transport properties for
a film of 18 QL thickness, we now focus on the
film thickness dependence of the transport prop-
erties at T = 300K and T = 100K, as shown in
Fig. 2. At room-temperature, two distinct trans-
port regimes can be discussed with respect to the
dependence of the charge carrier concentration of
the films. At heavy p-doping (p= 1×1020 cm−3,
black dash-dotted lines in Fig. 2), the film be-
haves almost metallic without significant influ-
ence of the topological SS on the transport prop-
erties. With increasing film thickness the normal-
ized electrical conductivity at room temperature
(cf. Fig. 2(a)) tends asymptotically to the bulk
value as σtot/σ∞ ∼ (1+ (3vτ/8d))−1 in accordance
with the Fuchs-Sondheimer theory.19,20 While de-
rived to describe surfaces the Fuchs-Sondheimer
theory does not account for the influence of SS’s
and quantum size effects. As previously described,
these can be probed at low charge carrier con-
centrations (p = 1× 1018 cm−3, red solid lines in
Fig. 2). As shown in Fig. 2(a) the behavior of
the total electrical conductivity than differs evi-
dently from the Fuchs-Sondheimer limit. At low
film thickness we find enhanced values of σtot/σ∞ ≈
12. Obviously the contributions of the SS’s dom-
inate the transport and lift the total electrical con-
ductivity above the bulk limit. As indicated in
Fig. 2(a) the contribution of the SS to the total
transport exceeds 90% (cf. the thin red dashed
lines). A comparable crossover between surface
state-dominated and Fuchs-Sondheimer transport
was reported for ultrathin copper films.21 Gener-
ally speaking, for film thicknesses above 18 QL
thickness the k-dependency and spatial distribu-
tion of the surface states is fully established. Thus,
the surface contribution to the transport proper-
ties remain robust for thicker films and the TDF
scales as ΣSS(d) ∼ 1/d. Quantum confinement ef-
fects are hardly visible for the 160 QL film, i.e.
σbulk(d)≈ σ∞ and σtot(d)≈ σ∞+ σSS/d.
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Figure 2: (color online) Thickness-dependent thermoelectric transport properties. Total elec rical conduc-
tivity and thermopower at T = 300K (a and b) and T = 100K (c and d), respectively. The results are
depicted for two distinct hole concentrations; p= 1×1018 cm−3 (red solid lines) and p= 1×1020 cm−3
(black dash-dotted lines). For the electrical conductivity in (a) an (c) the pure contribution of the surface
state is given additionally as a thin dashed red line. All the transport properties are normalized to the bulk
values σ∞ and S∞.
The dependence of the normalized total ther-
mopower on the film thickness is presented in
Fig. 2(b) and (d). Keeping in mind the aforemen-
tioned relation Stot/S∞ ≈ (σ∞+ σSS× SSS/S∞)/σtot,
Stot/S∞ ≤ 1 can be expected for a broad range of
temperatures and doping in the thin TI films2. This
is related to the mere fact, that in a TI the SS
is metallic, hence showing small values of |SSS|,
while the bulk is insulating yielding large values of
|S∞|. The position of the Dirac point near the band
edge, i.e. the case in Sb2Te3 and Bi2Te3, leads
moreover to opposite signs of SSS and S∞, further
reducing Stot/S∞.
Occasionally, the bulk and the SS’s contribu-
tion have the same sign and SSS > S∞, leading
to an enlarged Stot/S∞ > 1. The latter scenario is
seen in Fig. 1(f) for a heavily p-doped sample at
temperatures lower than T = 180K. However, as
these situations occur only if the bulk is metal-
lic, i.e. σbulk  σSS, the total thermopower will
not exceed the bulk limit considerably, yielding
Stot ≈ S∞.
2We note that there is a difference of Sbulk and S∞, which
are the bulk contribution to a thin film and the contribution
of a perfect infinite bulk, respectively. However, Sbulk = S∞
is used in this estimation and is valid for qualitative discus-
sions.
Experimental results
To support our theoretical findings at room tem-
perature, experimental four-terminal measure-
ments (see Fig. 3 and Methods) on the normalized
total electrical conductivity and total thermopower
at varying Sb2Te3 film thickness are presented in
Figs. 4. As can be seen from Fig. 4(b) the to-
tal thermopower tends asymptotically towards the
bulk limit for increasing film thickness, i.e. de-
creasing influence of the SSs, in accordance to
the theoretical calculations in Fig. 2(b) (prefer-
ably red solid line). Obviously the measured Hall
coefficient RH is not a constant with the film thick-
ness (Fig. 4(a)). Within a two channel model for
RH 14,22 and mobilities µSS ≈ µbulk 14,23 the charge
carrier concentration p of the thin films slightly
varies monotonically with the number of deposited
layers, too. That allows for direct observation of
the transition between the surface-state-dominant
and Fuchs-Sondheimer transport regime of the
total electrical conductivity, shown in Fig. 4(c).
At low film thickness d < 48nm and still low
enough charge carrier concentrations the SSs no-
ticeably influence the transport, i.e. the normalized
total electrical conductivity is higher than expected
from the bare bulk sample (indicated by red solid
lines). With increasing film thickness the influence
of the SSs is suppressed and bulk states dominate
4
(a)
(b)
Figure 3: (color online) Device for electrical con-
ductivity σ and Hall measurements (a) as well
as for determining the Seebeck coefficient S =
Vth/(TI−TII) (b) of a Sb2Te3 thin film. The mag-
netic field B is applied perpendicular to the film
plane. Bright lines are lithographically defined
metal lines used as heater, as ohmic inner elec-
trodes for electric measurements and as resistive
thermometers, as indicated. (see methods for de-
tails)
the transport. Nevertheless, the low charge carrier
concentrations allow to see influences in the ther-
mopower even at large film thicknesses, as pointed
out in Fig. 2(b). Starting from a quantum me-
chanical approach a Fuchs-Sondheimer transport
regime can be expected (indicated by gray dashed
lines), with the normalized total electrical conduc-
tivity tending to the bulk value for large film thick-
ness. Clearly the measured data supports quali-
tatively all aspects of the theoretical calculations,
hence µSS ≈ µbulk is strongly expected.
To close our discussions we point to the low tem-
perature case of T = 100K shown in Fig. 2(b) and
(d). While the main trends remain and the same
conclusions as for the room-temperature case can
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Figure 4: (color online) Measured thickness
dependent thermoelectric transport properties at
room temperature. Shown (as blue dots) is the nor-
malized total thermopower (b) and the normalized
total electrical conductivity (c) for varying film
thickness. The charge carrier concentration varies
monotonically with film thickness (a). Hence,
the two transport regimes are superimposed in the
experiment. The surface-state dominant regime
(red solid line) and a Fuchs-Sondheimer transport
regime (gray dashed line). The total thermopower
(b) is always reduced due to the contribution of the
surface-states.
be drawn, the influence of the SS on the to-
tal electrical conductivity being diminished (cf.
Fig. 2(b)). Two facts lead to this result: (i) the
chemical potential is located deeper in the valence
bands for a given charge carrier concentration (ii)
the broadening of the Fermi-Dirac distribution in
Eq.(??) is reduced. Both facts lead to a reduced in-
fluence of the SSs located in the fundamental band
gap. Deviations are only found for ultra-thin films
of 3 QL thickness, for which the hybridization of
the SSs at opposite sides of the film opens up gaps
in the SS bands; at low temperature both the SS
and the bulk interior behave then like a conven-
tional semiconductor.8,12,14
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Conclusion
Combining quantum theoretical methods and ex-
perimental techniques on thin-film Sb2Te3 we re-
produced and clarified the reduction the total ther-
mopower found in various experiments on thin-
film thermoelectric TIs.9–11 By means of ab initio
electronic structure calculations based on density
functional theory we discussed the thermoelectric
properties of the p-type TI Sb2Te3 for various film
thicknesses and temperatures. The topologically
protected surface-state leads to metallic conduc-
tion of the thin films even in the semiconducting
regime. As shown by a separation of bulk and
surface contributions, the latter leads to a strong
reduction of the total measured thermopower of
the thin films. This reduction is present in a wide
range of film thicknesses and doping. By vary-
ing the charge carrier concentration a crossover
between a surface-state-dominant and a Fuchs-
Sondheimer transport regime is achieved. These
two transport regimes, as well as a reduction of the
total thermopower with decreasing film thickness
are confirmed by thermoelectric transport mea-
surements on atomic layer deposited Sb2Te3 thin
films. To gain a thermoelectric benefit from thin
film topological insulators, gapping the surface
state at low temperatures and charge carrier con-
centrations seems to be the only favourable ansatz.
Methods
Computational details. The transport properties
of the Sb2Te3 films are calculated in the diffusive
limit of transport by means of the semiclassical
Boltzmann equation in relaxation time approxima-
tion (RTA).15,24 Within this approximation we as-
sume that the attached heaters and metallic leads
basically preserve the surface band structure.
The basis of the transport calculations, i.e. the
atomistic structure, was simulated by slabs of 15
to 800 atomic layers, i.e. 3 – 160 quintuple lay-
ers (QL) Sb2Te3. The experimental in-plane lat-
tice parameter ahexSbTe = 4.264Å and relaxed atomic
positions25 were used.
The electronic structures of the Sb2Te3 films
were obtained by first principles calculations
within density functional theory (DFT), as imple-
mented in the QUANTUMESPRESSO code.26 Fully
relativistic, norm-conserving pseudo-potentials
were used; exchange and correlation effects were
accurately accounted for by the local density ap-
proximation (LDA).27
Subsequently the first-principles electronic
structures were mapped onto tight-binding Hamil-
tonians.28,29 The resulting band structures were
checked against our first-principles Korringa-
Kohn-Rostoker24,30 and QUANTUMESPRESSO re-
sults and yield fine agreement, in particular for the
energy range near the fundamental band gap.
The electronic structures serves as an input to
obtain the thermoelectric transport properties, us-
ing the layer-resolved transport distribution func-
tion (TDF) Σi(µ) = L
(0)
i (µ,0) .
31 The general-
ized conductance momentsL (n)i (µ,T ) are defined
as
L
(n)
i (µ,T ) =
τ
(2pi)2∑ν
∫
d2k |vνk |2·
P ik (E
ν
k −µ)n
(
−∂ f (µ,T )
∂E
)
E=Eνk
.
(1)
vνk denotes the group velocities in the directions
of the hexagonal basal plane andP ik is the layer-
resolved probability amplitude of a Bloch state,
which allows for spatial decomposition of the
transport properties.32 Details on this projection
technique are published elsewhere.4 The relax-
ation time for Sb2Te3 was fitted to experimen-
tal data and chosen constant with absolute value
τ = 12fs with respect to wave vector k and energy
on the scale of kBT .24 The influence of electron-
phonon coupling was theoretically and experimen-
tally found to be very weak and is discussed in
detail in Ref. 4. Assuming stoichiometric sam-
ples, exchange-defects of Sb and Te1 are the most
probable scattering centers to be expected.16 Thus
electron-impurity scattering will dominate. We
checked the state-dependency of electron-impurity
relaxation time τk in Born approximation14 and
found a constant Brillouin zone averaged value
of τ to be a reasonable approximation. The
temperature- and doping-dependent in-plane elec-
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trical conductivity σ and thermopower S read
σ = 2e2L (0)(µ,T ) and S=
1
eT
L (1)(µ,T )
L (0)(µ,T )
(2)
for given chemical potential µ at temperature T
and fixed extrinsic carrier concentration.
The combination of first-principles and related
tight-binding calculations allows for dense adap-
tive k-point meshes to ensure the convergence of
Eq. (??).30,33 The calculation consists of more
than 500 points in a piece of the 2D Fermi surface
in the irreducible part of the Brillouin zone (BZ).
Experimental details. The Sb2Te3 thin films
were grown on silicon wafers with a top layer of
300nm SiO2 via Atomic Layer Deposition (ALD)
at substrate temperatures of 353K. (Et3Si)2Te and
SbCl3 were used as precursors at source temper-
atures of 350K and 328K, respectively.34 For the
transport measurements the Sb2Te3 thin films were
deposited on a lithographically pre-patterned Hall
bar, which was defined via laser beam lithography
and subsequent developing of the exposed pho-
toresist. Contacts to the hall bars were defined
in a second lithography step, prior to sputter de-
position of Ti/Pt metal contacts. The thickness t
and lateral dimensions (length l, width w) of the
films were obtained by Atomic Force Microscopy
and SEM images, respectively (cf. supplemen-
tal material). The Hall resistance RH =UC,D/II,II
of the films was determined with standard lock-in
technique. A constant ac current with an ampli-
tude of II,II = 10µA and frequency of 6Hz was
applied along the film stripe between contacts I
and II and the voltage drop UC,D across the film
width has been measured between contacts C and
D, while sweeping a magnetic field from−3 to 3T
in 0.1T steps (cf. Fig. 3(a)). The magnetic field
has been applied perpendicular to the film plane.
The electrical conductivity has been calculated us-
ing σ = [l/(wt)]/RH where RH =UC,D/II,II is the
resistance of the film, measured in a four-point
configuration between contacts B and D. To de-
termine the Seebeck coefficient S=Vth/∆T of the
films the on-chip line heater generated a tempera-
ture difference ∆T across its length. ∆T was mea-
sured by resistance thermometry using two metal
four-probe thermometer lines (I and II) located at
the film ends (cf. Fig. 3(b)), which were driven by
standard lock-in technique in a four-terminal con-
figuration.11,35 The metal lines for thermometry
also served as electrodes for measuring Vth. Ex-
pected error bars for film thickness, thermopower
and electrical conductivity are ∼10%, ∼16% and
∼7%, respectively.
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Figure 1: (color online) Ab initio based tight-binding band structures of (a) 3 QL, (b) 6QL, (c) 36QL and
(d) 160QL thick Sb2Te3 films along the high symmetry lines of the two dimensional Brillouin zone. The
inset in (a) highlights the hybridization-gapped Dirac state. Additionaly, the spectral function for (e) an
infinite sample and (f) a semi-infinite sample are shown.
Being the basis of our calculations, exemplary bandstructures of 3QL, 6QL, 36QL and 160QL thick
Sb2Te3 films are shown in Figs. 1(a)-(d), respectively. 1QL (quintuple layer), comprises five atomic layers
and a thickness of 1.02nm. The prototypical linear dispersion of the SSs in the fundamental band gap and
warping at elevated energies towards the conduction band edge is already well reproduced for very thin
films of 3QL (Fig. 1(a)), while being slightly gapped due to the hybridization of the SSs on the upper and
lower side of the film (cf. inset of Fig. 1(a)). For increasing film thickness the fundamental band gap Eg
decreases (Eg,3QL ≈ 413meV;Eg,6QL ≈ 329meV;Eg,36QL ≈ 295meV) and quantum confinement effects
bury the Dirac point deeper below the valence band edge (cf. Fig. 2). With Sb2Te3 being an inherently
p-doped material, ultra-thin films could therefore provide an opportunity to probe the exposed Dirac point,
like in Bi2Se3 but in contrast to Bi2Te3.
We show as in the main manuscript, the calculated electrical conductivity and thermopower in depen-
dence on temperature for three distinct hole concentrations at the investigated film thicknesses of 3QL,
6QL, 12QL, 36QL and 160QL. The discussion can be done analogously to the case of 18QL. Deviations
10
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Figure 2: (color online) Calculated evolution of the fundamental band gap of the Sb2Te3 thin films (left
axis, black solid line) and the shift of the Dirac point with respect to the valence band edge (right axis, red
dash-dotted line). Infinity indicates calculations for semi-infinite films.
show up for the case of 3QL, for which the influence of the hybridization-gapped surface state at low
temperature comes into play and the bulk and surface are semiconducting for small carrier concentrations.
However, even in this regime of temperature and thickness the thermoelectric efficiency will only reach
values exceeding the bulk limit for T < 50K.
In figure 8 the dependence of the charge carrier concentration of the surface state, the bulk interior and
the total sample are shown in dependence of the chemical potential at room temperature. We emphasize
that for p-doped Sb2Te3 a correspondence for the HALL conductivity within an one-channel
RH = 1/(e×ntot) (3)
and a two-channel model
RH = (nSS×µ2SS+nbulk×µ2bulk)/(e× (nSS×µSS+nbulk×µbulk)2) (4)
can only be found if µSS ≈ µbulk. Our theoretical calculations allow for the determination of nSS, nbulk and
ntot. Calculating RH within the one- and two-channel model and comparing to the experimental results
strongly suggests µSS ≈ µbulk. An enhanced mobility µSS  µbulk of the surface states is only to be
expected for a non-hybridized, then back-scattering free DIRAC cone, which could be the case for weakly
n-doped Sb2Te3.
To support the used constant relaxation time τ we carried out calculations of the state-dependent
electron-impurity relaxation time τk in Born approximation as previously introduced in ’Zahn et al., Phys.
Rev. Lett. 1998, 80, 194309’. Assuming stoichiometric samples, exchange-defects of Sb and Te1 are the
most probable scattering centers to be expected. The relaxation time τk for p-doped bulk Sb2Te3 with a
hole concentration of about n = 1×1019 cm−3 is shown in Fig. 9. While, some state-dependency of the
relaxation time can be found, using an Brillouin zone averaged value of 〈τk〉= 12fs seems to be a reliable
approximation. The energy-dependence of τk is rather weak in the range of the investigated charge carrier
concentrations.
In figures 10 and 11 experimental x-ray-diffraction (XRD) and scanning-electron-microscopic (SEM)
data of the ALD grown thin films are shown, to depict the experimental quality and reliability of the
underlying material system. More in-depth analysis and discussion of the experimental methods can be
found in ’Zastrow et al., Semiconductor Science and Technology 2013, 28, 035010’ and ’Bae et al.,
Semiconductor Science and Technology 2014, 29, 064003’.
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Figure 3: (color online) Calculated electrical conductivity (a),(c),(e) and thermopower (b),(d),(f) in de-
pendence on temperature for three distinct hole concentrations at a film thickness of 3QL. (a) and (b)
hole concentration of n = 1× 1018 cm−3, (c) and (d) hole concentration of n = 1× 1019 cm−3, (e) and
(f) hole concentration of n = 1×1020 cm−3. Pure bulk contributions are stated by gray dashed lines, the
contribution of the surface states is given by red solid lines, while black dash-dotted lines show the total
contribution to the sample.
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Figure 4: (color online) As Fig. 3 but for 6QL.
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Figure 5: (color online) As Fig. 3 but for 12QL.
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Figure 6: (color online) As Fig. 3 but for 36QL.
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Figure 7: (color online) As Fig. 3 but for 160QL.
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Figure 8: (color online) Calculated electron (n, bottom) and hole (p, top) concentration as position of the
chemical potential at room temperature for a 36QL thin film. Shown are the partial contribution from the
bulk bands (dashed lines), the surface state (solid lines) and the total carrier concentration (dots) assuming
comparable mobilities µSS ≈ µbulk. The fundamental band gap is indicated by the shaded area. For p-type
thin films the contribution of the SS to the charge carrier concentration plays a minor role.
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Figure 9: (color online) Calculated state-dependent electron-impurity relaxation time τk in Born approxi-
mation for p-doped bulk Sb2Te3 with a hole concentration of about n= 1×1019 cm−3. Exchange-defects
of Sb and Te1 are assumed to be the main scattering centers.
4.2. Growth of Sb2Te3 by ALD
4.2.1 Structural and compositional analysis
Beside the morphology analysis, the structural and compositional analysis has been
performed. By X-ray diffraction (XRD) measurements information about the crystal
structure can be obtained. Figure 4.11 shows the XRD pattern of a 50 nm Sb2Te3 film
and the corresponding clean Si{SiO2 substrate measurement. Nearly all peaks can
Figure 4.11: XRD-pattern of a 50 nm Sb2Te3 and of the Si{SiO2 substrate. Reprinted with
permission [97].
be identified as peaks of the p00nq-direction, which is corresponding to the c-axis of
the hexagonal cell of Sb2Te3 (see figure 4.11). So the major growth direction is along
the c-axis, as it is expected from the alternated pulsing of the Sb and Te-precursor
in combination with the layered structure of Sb2Te3 due to the weak van der Waals
bonds between the quintuple layers (see figure 2.3 (b)) [95]. The additional p1013q
peak belongs to plates growing perpendicular to the c-axis which can be found in the
SEM pictures (see figure 4.9). Such spontaneous generation of free-standing plates
are found to be driven strain effects if the lattice mismatch between thin film and sub-
strate is large [56].
Additional energy dispersive X-ray spectroscopy (EDX) measurements on several films
and at different positions in average show a concentration of 39.96 at% and 60.04 at%
(see table 9.1 in the appendix) of Sb and Te respectively, which is very close to the
2:3 Sb/Te ratio expected from the XRD analysis. To confirm the stoichiometric ra-
tio, PIXE (particle induced X-Ray emission)-measurements have been performed by
using a 3.5 MeV H  beam4. In the analysed area (1 1 mm) a Te/Sb ratio of 1.49
 0.03 was found which matches - within the error - the ideal stoichiometry. This
fact re-emphasises the major advantages of ALD growth in reference to the material
quality of Sb2Te3 thin films: the chemical growth mechanisms and the low deposition
4Thanks to Dr. Frans Munnik from Helmholtz Zentrum Dresden Rossendorf (HZDR), who per-
formed the measurements.
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Figure 10: (color online) Measured XRD-pattern of a atomic layer-deposited (ALD) 50nm Sb2Te3 thin
film and of the Si/SiO2 substrate.
4.2. Growth of Sb2Te3 by ALD
arises from the low precursor vapour pressure of the pEt3Siq2Te{Se precursor and the
decreasing growth rate with increasing temperature of this special process [25]. Un-
like the inventors of this process (Pore et al. ), we found a minimum deposition tem-
perature of 80℃ and a growth rate of 0. 6 Å/cycle with a high error due to the surfac
roughness, while they report to have a growth rate of 0.6 Å/cycle at 60℃ [25]. For a
detailed overview of the deposition parameters and the growth rate see figure 4.8 (a)
and table 4.3. The parameters for the deposition cycles have been optimized to get
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Figure 4.8: (a) Comparison of the literature growth rate, with the rate found in this work. (b)
ALD Sb2Te3 thin film grown on top of a Si{SiO2 wafer.
smooth films and an acceptable gr wth rate on Si{SiO2 substrates. The chosen growth
parameters can be found in table 4.4 labeled as "standard". The parameters are in
good agreement with the optimized values found by Gu et al. [64]. A more detailed
look on the growth behaviour of Sb2Te3 for different substrates and under variation
of the growth parameters will be given in the following sections.
parameters Pore et al. [25] this work
TSbCl3 30℃ 55℃
TpEt3Siq2Te 40℃ 77℃
Tgrowth 60℃ 80℃
ALD modus flow exposure
growth rate 0.6 Å/cycle 0.16 Å/cycle
Table 4.3: Growth parameter comparison.
To study the morphology of the Sb2Te3 ALD growth, thin film depositions on flat
wafers have been made. As substrate a high resistivity phosphor doped Si <100>
wafer of 500 µm thickness with 300 nm of thermal evaporated SiO2 was used. De-
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Figure 11: (color online) SEM cut view of a ALD Sb2Te3 thin film grown on top of a Si/SiO2 wafer.
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